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ABSTRACT: Azulene, a blue-colored structural isomer of naphthalene, is introduced as the backbone for a new family of
Pd(I)-based self-assemblies. Three organic ligands, equipped with varying donor groups, produce three [Pd:L4] cages of
different cavity dimensions. Unexpectedly, addition of organic disulfonate guests to the smallest lantern-shaped cage
(featuring pyridine donors) led to a rapid and quantitative transformation to a distorted-tetrahedral [PdsLs] species. On the
contrary, [Pdz2L4] cages formed from ligands with isoquinoline donors either just encapsulated the guests or showed no
interaction. The tetrahedral species could be fully reverted back to its original [PdzL4] topology by capturing the guest by
another, stronger binding [Pd2L’4] coordination cage, narcissistically self-sorting from the first cage. The azulenes, serving as
colored hydrocarbon backbones of minimal atom count, allow to follow cage assembly and guest-induced transformation by
the naked eye. Furthermore, we propose that their peculiar electronic structure influences the system’s assembly behavior.

INTRODUCTION

Coordination cages and related metal-organic assemblies
have turned into a significative subfield of supramolecular
chemistry over the last decades.! Many different shapes
and topologies have been prepared, ranging from simple
“lantern-shaped” cages?-5 to large spheres,® as well as
squares,”8 tetrahedra,®-!! knots,'2-15 catenanes!¢-8 and
further topologies.

Cages with an accessible cavity can act as nanoscopic hosts
for guest molecules,*-22 making them comparable to
biological receptors and enzymes.23 Artificial enzyme
mimics formed by coordination cages have been
reported.22 One notable difference between most
coordination cages and peptidic receptors is the structural
flexibility of the latter ones: enzymes often respond to
substrates by adapting their binding sites to an optimal
conformation and size, even leading to extensive refolding
and multimerization processes.

While most reports on the binding of guest molecules in
the cavities of coordination cages have demonstrated that
guest uptake does not affect topology and nuclearity of the

a)
//\N
W
P(ll) 2
O
A\
7\

r -
! AZU1 [Pd,AZU1,] !

[2BEN14@Pd,AZU1,] .

final complex, a few examples of coordination chemistry-
based hosts showing significant size and shape
transformation upon guest uptake are found in the
literature. A notable early example was described by the
Raymond group in 1999 where they showed that a Ti(IV)
or Ga(Ill)-based triple stranded helicate converts to a
tetrahedral cage upon binding a tetrabutylammonium
cation, thereby doubling the number of components per
complex.2* Subsequently, other examples of guest-
triggered transformations were reported for guests such
as fullerenes,?s halides,26 and various inorganic anions,?7.28
as recently reviewed by Percastegui?? and Nitschke.3°

Here we introduce a new system capable of undergoing a
fully reversible guest-triggered transformation from a
[Pd:L4] lantern-shaped coordination cage to a larger
[PdsLs] distorted tetrahedron. The quantitative, and rapid
reversibility of this system contrasts with previous
reports on cage transformations where reversibility was,
for example, not explored3! or resulted in an unfavorable
equilibrium state.32
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Figure 1. (a) X-ray structures of (left) cage [Pd2(AZU1)4] and (right) tetrahedron [2BEN14@Pd4(AZU1)s], (counter-anions, solvents
and disorders omitted for clarity) and photographs of the corresponding species in DMSO solution. (b) Absorption spectra of the
three species and of BEN14. Dashed lines represent the visible region absorption bands above 420-450 nm (m-m* transitions),

zoomed in 100x.
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Figure 2. (a) 1H-NMR spectra (600MHz, 298K, DMSO-ds) of,
from top to bottom, ligand AZU1, cage [Pd2(AZU1)4],
tetrahedron [2BEN14@Pd4(AZU1)s] and tetrahedron
[2BEN13@Pd4(AZU1)s]. (b) HR-ESI-MS of tetrahedron
[2ZBEN13@Pd4+(AZU1)s]4+ (left) and tetrahedron
[2ZBEN14@Pd4+(AZU1)s]4+ (right). The counter anion is OTf~
in all coordination species.

In addition, the trigger for the reverse transformation in
our case is a second, different [Pd:L4] cage capable of
narcissistically self-sorting and able to “steal” the guest
from the first cage. To the best of our knowledge, such an
approach has never been used before to drive assembly
transformation. It further enriches the growing number of
tools aimed at bestowing dynamic Pd-based assemblies
and host-guest complexes with stimuli-responsive,
emergent and ‘systems chemistry’ behavior.

RESULTS AND DISCUSSIONS

The initial [Pd:L4] cage is constructed from ligands based
on azulene, a blue-colored structural isomer of
naphthalene. Due to its peculiar electronic structure,
comprising a seven-membered fused to a five-membered
ring, azulene features a strong dipole moment of 1.08
Debye,33 highly wunusual for purely hydrocarbon
aromatics.3* We herein show that this feature has both
implications on the course as well as visible monitoring of
the assembly process.

Ligand AZU1 was synthesized via Sonogashira coupling
between 1,3-dibromoazulene3® and 3-ethynylpyridine.
Ligands AZU2 and AZU3 were synthesized similarly using
8- and 7-ethynylisoquinoline. Owing to their azulene
cores, all three ligands are intensely colored, between teal
and green (see photographs in Figs. 1 and 3). The full
synthetic pathways are described in the Supplementary
Information.

Quantitative formation of the [Pd:L4] cages was achieved
by combining the ligands and the palladium(II) salts
[Pd(CH5CN)4]OTf2 or [Pd(CHsCN)4](BF4)2 in a 2:1 ratio in
DMSO0-ds or CD3CN and heating at 70 °C for 15 min. In
accordance with our previously reported lantern-shaped
Pd(II) cages,1036-38 assembly formation was indicated by a

significant downfield shift of the donor groups’ proton
signals, especially for the two protons neighboring the
coordination sites Ha and Hb (Fig. 2a). Moreover,
formation of the cages was visually indicated by a color
change of the solutions, going from teal to green for AZU1
and AZU3 and from green to brown for AZU2 (see
photographs in Figs. 1 and 3). In addition, ESI-MS analysis
gave evidence of the formation of cages with [Pd:L4]
stoichiometry (Figs. S11, S16 and S22). Finally, single
crystals suitable for X-ray diffraction were obtained for
species [Pd2AZU14] by slow diffusion of ethyl acetate in its
DMSO solution (Fig. 1), and for [Pd:AZU24] by slow
diffusion of diisopropylether in its acetonitrile solution
(Fig. 3a). [Pd2AZU14] adopts a lantern shape similar to
previously reported structures,® while [Pd2AZU24], due to
its 8-isoquinoline donor groups, adopts a helical shape.3?
Interestingly, in the latter structure both helical isomers
co-crystallize as closely packed pairs, where the aromatic
regions of both enantiomers stack together and therefore
yield a distorted geometry (Fig. S55).

Next, the interaction of the positively charged
coordination cages with negatively charged guests was
studied. Benzene-1,4- (BEN14) and 1,3- (BEN13)
disulfonate were used as tetrabutylammonium salts in
DMSO-d¢ for solubility reasons. Firstly, helicate
[Pd2AZU24] showed no encapsulation of either guest,
owing probably to its small cavity. [Pd2AZU3.4] exhibited
encapsulation of both guests, as observed by NMR and ESI-
MS experiments (Fig. 3d and S41-S45). However, rapid
precipitation after the addition of one equivalent of guest
precluded the determination of binding constants by ‘H-
NMR titration. The data, however, unambiguously
indicates the system to be in the fast exchange regime. By
UV/Vis titration, the binding constant could be
determined to be Ki1 = 6557 + 273 M (Fig. S46). The
[BEN14@Pd;AZU34] host-guest complex could be
crystallized by slow vapor diffusion of toluene into the
DMSO solution and analyzed by single-crystal X-ray
diffraction (Fig. 3¢): guest BEN14 sits in the middle of the
cavity of the cage, with its sulfonate groups pointing
towards the nearest palladium atom due to electrostatic
interactions.*

Finally, the addition of 1 equivalent of either BEN14 or
BEN13 to a DMSO solution of [Pd2AZU14] yielded new
species after 5 minutes of heating at 70 °C. These showed
a 1:1 splitting of all tH-NMR signals (Fig. 2a), indicating the
formation of a new species, which was confirmed by ESI-
MS analysis. It is worth noting that complete guest-
triggered transformation was only observed when using
OTf- as a counter anion; if BF4+~ was used, the addition of 1
eq. of guest only led to a conversion of approx. 66% (by
NMR integration) and, additionally, precipitation was also
observed (Fig. S28). This behavior is probably caused by
competitive encapsulation of BFs-, preventing the
disulfonate guest to fully bind inside the cage, while larger
OTf" is not as competitive. In addition, DMSO-ds was the
only solvent where this transformation was possible; fast
precipitation was observed upon addition of the guests in
CDsCN or DMF-d;.
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Figure 3. (a) X-ray structure of helicate [Pd2(AZU2)4] and (b) its tH-NMR spectrum (600MHz, 298K, CD3CN; blue stars indicate
impurities). (c) Encapsulation of guest BEN14 in cage [Pd2(AZU3)4] and X-ray structure of the host-guest complex. (d) tH-NMR
spectra (600MHz, 298K, DMSO-ds) of cage [Pd2(AZU3)4] (top) and host-guest complex [BEN14@Pd2(AZU3)4]| after the addition of

1 eq. of guest (bottom; G = guest). Photographs of ligand and cage solutions are shown.

The ESI-MS analysis confirmed that a doubling of the
atomic count as well as an encapsulation of two guest
molecules had taken place in the newly formed species,
which therefore has a formula of [2G@Pd:AZU1s]**,
where G indicates either guest BEN13 or BEN14 (Fig. 2b).

Moreover, Diffusion Ordered SpectroscopY (DOSY) NMR
revealed an increase of the hydrodynamic radii from 10.5
A to 13.2 A and 14.3 A for the newly formed species,
respectively, containing BEN13 or BEN14 (Fig. S32).

The color of the solution also changed during the
transformation, going from a dark green to a lighter shade.
The difference is difficult to capture by photography (Fig.
1), however, UV-Vis spectroscopy unambiguously
confirmed a spectral change upon guest binding. We
suppose that the observed color changes between the
species correlate with the sensitivity of azulene towards
its electronic environment.40:41

Knowing the composition and approximate size of the
newly formed [2G@Pd4AZU1s]** species, we then
wondered about its actual structure. A number of different
topologies of MaLs species have been described to date:
quadruply interlocked [Pd:Ls] double-cages,*? squares
with two ligands per edge,*3 pseudo-tetrahedra,** and a
twisted assembly of two doubly bridged [Pd.Ls] bowls.*s
Of those four topologies, only the mechanically
interlocked cages and the tetrahedra are expected to show
a 1:1 splitting pattern of the ligands’ NMR signals upon
coordination (compare, however, Liitzen’s chiral [PdsLs]
squares*t). Due to the rather short ligands and large
guests we could rule out the interlocked topology and
inferred the formation of a tetrahedral species, able to
explain the observed 1:1 NMR signal splitting.1® We first
determined this topology though a 2D 'H-NMR analysis
(Fig. S26) and later confirmed this topology thanks to X-
ray structural analysis of single crystals grown from a 1:1
mixture of a 0.35 mM solution of the tetrahedron with
BEN14 as the guest in DMSO-ds, and a 15 mM solution of
NBusReOs by slow vapor diffusion of toluene into the
mother liquor (Fig. 1). The asymmetric unit contains two

tetrahedra, two ReO4~ anions, seven BEN14 guests, as well
as DMSO and toluene solvent molecules. Expanding the
solid-state packing reveals that the two different
tetrahedra are grouped as pairs (A and B) joined by
stacking of some of their azulene subunits. Moreover, one
can observe that in one of the tetrahedra, the BEN14
guests are aligned parallel to the closest Pd-Pd axis, while
in the second tetrahedron, one of the guests is pointing
outside of the structure with one of its sulfonate groups.

Analysis of the cavity volumes of the different structures
reveals that the guests benefit from larger cavities in the
tetrahedron as compared to the [Pd2AZU14] cage (321-
345 A3 vs. 221 A3 per cavity; Table S3 and Fig. $58). The
distance between the Pd atoms also increases from 12.3 A
in the cage to 14.0 A (shortest) in the tetrahedron. This
increase in volume and space between the two cations
may be one of the driving forces for the observed
transformation from cage to tetrahedron, thereby
maximizing the attractive interactions between all the
components.*’
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Figure 4. Cage conversion in solution: (a) [Pd2(AZU1)4]
fraction and (b) In[cage fraction] over time measured by NMR
with linear regression. (c) Eyring plot with rate constants
determined at 25 °C, 45°C, 50 °C, 55 °C, and 60 °C, with linear
regression (d) four naphthalenes (top) and four azulenes
(bottom) were arranged as observed in the central part of the
X-ray structure of [2BEN14@Pd+AZU1s] (with respect to the
nearest CH-1t contacts) and association energies as well as
electrostatic potential maps computed (max/min values
given for m-surfaces and terminal hydrogens).

To further investigate the transformation kinetics, we
performed variable temperature NMR studies at 25°C,
45°C, 50 °C, 55 °C and 60 °C (Fig. S33-37). 1,3,5-
trimethoxybenzene was used as an internal standard. At
the higher temperatures, the reaction took between 40
min (at 60 °C) and 100 min (at 45 °C) to complete (Fig. 4a).
No intermediate could be observed in the spectra. The
cage and tetrahedron signals are clearly separated,
indicating a slow exchange in the NMR time scale. The
reaction follows a first-order law (Fig. 4b and S39). The
rate constants were subjected to an Eyring plot analysis
(Fig. 4c), giving an activation enthalpy AH# of 77.2 k] /mol
and entropy AS* of -64 ]J/mol-K, thus equating to an
activation Gibbs free energy AG# of 96.1 k]J/mol at 298K.
The negative activation entropy suggests a mechanism
where the association of two individual cages to one larger
assembly (under loss of degrees of freedom) is rate
determining.

Next, computations were performed to evaluate the
impact of the square-like arrangement of the four azulenes
at the center of the tetrahedron on the stability of the final
structure. DFT computations at the wB97X-D/def2-SVP
level showed that four azulene units experience a higher
stabilization (-75k]J/mol) when arranged in a square than
four naphthalenes in a similar CH-m configuration
(-58kJ/mol) (Fig. 4d). We attribute this increase in
stabilization to more favorable CH-mt interactions between
the negatively polarized five-membered rings and the
positively polarized seven-membered rings of the
azulenes.

All newly synthesized species show some weak
fluorescence (Section 2 of Supplementary Information).
Moreover, like their parent molecule azulene, they exhibit
spectral features that indicate retaining an anti-Kasha
fluorescence from their S2-So transition,*® overlapping
with their So-S: absorption bands.

Finally, we wondered about the stability of the new
tetrahedral species if the guests were to be removed.
Would an empty [Pd:AZU1s] still exist, or would the
system revert back to the [Pd2AZU14] cage? In previous
examples by Fujita*® and Klajn,5° neutral guests were
removed from a coordination capsule by washing the
cage-guest complex with another solvent. In our case, that
technique was not applicable, as both cage and guest are
soluble in the same range of solvents. In another example,
we previously extracted tightly bound Br- from quadruply
interlocked double cages with Ag* salts, precipitating
AgBr,5t but also this strategy was not feasible in the
present case.
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To overcome these limitations, we chose to add another
Pd(I)-based cage with increased affinity for the guest as
compared to the tetrahedron. In view of the dynamic
nature of Pd(II) coordination bonds, we had to select a
species that would narcissistically self-sort in the
presence of [Pd2AZU14]. A screen of already known cages
yielded that previously synthesized methylene blue-based
cage [Pd2MB-P4]52 does not exchange components with
[Pd2AZU14], evidenced by the absence of any scrambling
when a mixture of the cages in 1:1 ratio was heated at 70
°C for 15 minutes. As each MB-P ligand carries a positive
charge, we assumed that the 8+ charge of cage [Pd2MB-Pa4]
could favor the uptake of the anionic guests, thus releasing
them from [2BEN14@Pd+AZU1s] (Fig. 5a). A UV/Vis
titration of the methylene blue-based cage with BEN14
indeed indicated strong interaction, but difficulties in
fitting the data to a 1:1 or 1:2 binding model precluded us
to obtain a reliable binding constant (Fig. S47).
Nevertheless, the guest transfer experiment between the
cages was successful: when a mixture of
[2BEN14@Pd4+AZU1g] and [Pd:MB-P4] in 1:2 ratio was
heated for 60 minutes at 70 °C, tH-NMR analysis showed a
complete re-transformation of the tetrahedron into the
cage (Fig. 5b and S45), as evident by the disappearance of
the 1:1 splitting pattern of the tetrahedron and rise of the
signals of [Pd2AZU14]. An ESI-MS experiment confirmed
the formation of [BEN14@Pd:MB-P4] and the initial
[Pd2AZU14] cage (Fig. 5c and S48). Hence, the data
unambiguously demonstrated that the system is
reversible and that the geometry of the assembly based on
the AZU1 ligands is controlled by the presence or absence
of the disulfonate guest molecules.

CONCLUSION

In conclusion, we prepared three new [Pd:Ls] assemblies
with backbones based on aromatic hydrocarbon azulene
and different donor sites, controlling their cavity volume
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Figure 5: (a) Schematic representation of the guest transfer from tetrahedron [2BEN14@Pd4(AZU1)s] to the cage [Pdz(MB-

P)4], yielding cage [Pdz(AZU1)4] and host-guest complex [BEN14@Pd2(MB-P)4]. (b) 'H-NMR spectra (500MHz, 298K, DMSO-

ds) of host-guest complex [BEN14@Pd:(MB-P)4] (top), cage [Pd2(AZU1)4] (bottom), and the result of the transfer experiment,

yielding a mixture of the initial cage [Pd2(AZU1)4] and host-guest complex [BEN14@Pdz(MB-P)4] (middle). (c) ESI-MS

spectrum of the mixture.

and guest binding behavior. The smallest assembly,
lantern-shaped cage [Pd2AZU14] undergoes an
unprecedented, rapid and full transformation into
tetrahedron [2G@Pd:AZU1s] upon stoichiometric
addition of guest molecules BEN14 or BEN13. The
transformation can be reversed by guest re-capture via
addition of an octacationic [Pd:L4] cage, based on the dye
methylene blue. The peculiar electronic structure of the
azulene chromophores in the ligand backbones has two
implications on the assembly of the studied complexes:
pronounced color dependence towards their molecular
environment allows to easily follow the transformations
by the naked eye as well as UV/Vis spectroscopy. In
addition, DFT calculations suggest that favorable CH-mt
interactions between the four central azulene units
stabilize the tetrahedral structure.

The herein established quantitative guest-induced
transformation and the possibility to fully reverse this
process by adding a higher-charged, non-shuffling [PdzL4]
cage enable to embed these assemblies into ‘complex
systems’ with stimuli-responsive behavior. Furthermore,
they bear potential for application in cyclic compound
separation processes, receptors with visual readout and -
owing to azulene’s anti-Kasha fluorescence properties- in
optoelectronic materials.>3
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